Calmodulin is a soluble, heat-stable protein which has been shown to modulate both membrane-bound and soluble enzymes, but relatively little has been known about the in vivo associations of calmodulin . A 17,000-dalton heat-stable protein was found to move in axonal transport in the guinea pig visual system with the proteins of slow component b (SCb ; 2 mm/d) along with actin and the bulk of the soluble proteins of the axon . Co-electrophoresis of purified calmodulin and radioactively labeled SCb proteins in two-dimensional polyacrylamide gel electrophoresis (PAGE) demonstrated the identity of the heat-stable SCb protein and calmodulin on the basis of pl, molecular weight, and anomalous migration in the presence of Ca"-chelating agents . No proteins co-migrating with calmodulin in two-dimensional PAGE could be detected among the proteins of slow component a (SCa ; 0.3 mm/d, microtubules and neurofilaments) or fast component (FC; 250 mm/d, membrane-associated proteins) . We conclude that calmodulin is transported solely as part of the SCb complex of proteins, the axoplasmic matrix . Calmodulin moves in axonal transport independent of the movements of microtubules (SCa) and membranes (FC), which suggests that the interactions of calmodulin with these structures may represent a transient interaction between groups of proteins moving in axonal transport at different rates. Axonal transport has been shown to be an effective tool for the demonstration of long-term in vivo protein associations .
brane transport (9) , and the disassembly of microtubules (10, 11) . The wide variety of activities suggested for calmodulin indicates that it has the potential for interaction with many different subcellular compartments and structures. The intracellular localization of calmodulin is therefore of particular interest.
Several recent reports have appeared in the literature which address this question by means of immunocytochemical meth-THE JOURNAL OF CELL BIOLOGY " VOLUME 89 JUNE 1981 607-614 ©The Rockefeller University Press -0021-9525/81/06/0607/08 $1 .00 ods . Wood et al . (12) and Lin et al . (13) describe distribution of calmodulin in regions of the brain, while Harper et al . (14) report on localization in liver, skeletal muscle, and adrenal cortex . All three studies report the presence of calmodulin in the cytoplasm and in association with membranous or cytoskeletal elements . Immunocytochemistry, however, presents a static picture of a dynamic structure and is unable to distinguish proximity or transient associations from stable or long-term associations . Although proximity or transient associations of cellular components may be functionally as important to a cell as stable associations, an understanding of the nature of molecular interactions is essential to an understanding of the cell .
The unusual geometry and the metabolic requirements of the neuron have permitted definition of the specific intracellular transport processes of the axon (15, 16) . Subcellular fractionation (17, 18) and identification of some major constituents of specific rate components (16, 17, 19, 20, 21) has led to the suggestion that each rate component of axonal transport constitutes a distinct cell structural entity (22) (23) (24) . Microtubules have been shown to travel as part of the slow component a complex of proteins (SCa; 0.3 mm/d) (16) , while the actincontaining cytoskeletal complex moves down the axon more rapidly and is known as slow component b (SCb; 2 mm/d) (19, 20, 24) . Membranous structures such as the agranular reticulum and dense-core vesicles are associated with the fast component (FC; 250 mm/d) (17) . These three rate components of axonal transport represent the bulk of the material moving down the axon. Proteins that interact with the morphological correlate of a specific rate component of axonal transport would be expected to be transported down the axon in conjunction with that rate component. In this way, it can be seen that assignment of a protein to a specific rate component represents a new physiologic paradigm for identification of long-term associations of proteins in the cell. Because these associations are functionally defined in situ and in vivo, this approach is a valuable complement to traditional methods .
The axonal transport of calmodulin was analyzed in the guinea pig visual system . Consistent with earlier observations that each rate component of axonal transport has a unique polypeptide composition (23) , calmodulin was detected in association only with the proteins of SCb. This places calmodulin in association with actin, clathrin, and enzymes ofintermediary metabolism which also move coordinately with SCb. Transport ofcalmodulin suggests that it maintains long-term associations only with the actin-containing cytoskeletal network of the axon. Interactions of calmodulin with microtubules and membrane-associated proteins must then be transient and short term.
MATERIALS AND METHODS
Axonally transported polypeptides associated with specific rate components were obtained by pulse-labeling proteins in the retinal ganglion cells of the adult guinea pig (Hartley strain) . The guinea pig is lightly anaesthetized with ether and 500 pCi of L-['S]methionine in 10 pl of distilled water is injected into the posterior chamber of the eye. The labeled methionine was obtained from New England Nuclear (Boston, Mass.) at a sp act of 500 pCi/mM at a concentration of 10,¢Ci/ ml, then lyophilized and resuspended in distilled water just before use to reduce radioautolysis . Sacrifice of the animals at appropriate times postinjection of label permits isolation in the optic nerve of each of the major rate components substantially free of contamination of the other rate components. SCa is in the optic nerve of animals that are 40-60 d postinjection, while SCb may be found in the optic nerves of animals 6 d postinjection. The FC used in these studies was taken from the distal end of an optic nerve that has been transsected proximal to the optic chiasm before injection . 6 h postinjection, the animal is sacrificed and the most distal 2 mm of the optic nerve stump is used for analysis of FC . This procedure increases the yield of FC from a single nerve, but does not produce any qualitative changes in the two-dimensional gel electrophoresis pattern (M. Tytell, unpublished observation). The same set of peptides may be obtained from the optic nerve at 3 h postinjection, but transsection provides enrichment of FC which accumulates at the nerve stump . After dissection, the nerve segment is homogenized in 300,¢1 of 2% 2-mercaptoethanol, 8 M urea, I% SDS, 0.2 M Tris-HCI, pH 7.3 (BUST) and the sample centrifuged at 20,000 g for 15 min at room temperature.
One-dimensional SDS gel electrophoresis was by a modification ofthe method of Laemmh (25) on a slab gel apparatus. A 1 .5-mm-thick polyacrylamide gel was employed with a linear gradient of polyacrylamide (10-20% wt/vol, and a 5% stacking gel, unless otherwise indicated). Two-dimensional gel electrophoresis was done by the method of O'Farrell (26) . This system was modified for studies on calmodulin by use of ampholines with a pH range of 2.5-5 (Pharmacia Inc ., Piscataway, N .J .) instead of the standard-range ampholines (pH 5-7), because calmoduln is an unusually acidic protein that does not focus reliably under standard O'Farrell conditions . In addition, to increase resolution of small polypeptides in the second dimension, the SIDS electrophoresis step used a 10-20% slab gel similar to that used for one-dimensional gel electrophoresis. Proteins in the gels were visualized by fixation and staining with 0.1% Coomassie Blue in 35% methanol and 7% acetic acid, followed by destaining in 35% methanol/7% 608 THE JOURNAL OF CELL BIOLOGY " VOLUME 89, 1981 acetic acid with gentle agitation . Fluorography by the method of Bonner and Laskey (27) was used to visualize the positions of radioactive polypeptides . Gels were prepared for Fuoography by dehydration with dimethyl sulfoxide (Fisher Scientific Co., Pittsburgh, Pa.), impregnation with 2,5-diphenyloxazole in dimethyl sulfoxide (New England Nuclear), rehydration, and drying onto filter paper or dialysis membrane under vacuum . Fluorographs were made using XR-5 x-ray film (Kodak) and incubation at -90°C .
For heat-treatment experiments, axonally transported proteins were obtained as described above but homogenized in 250 pl of 25 mM Tris-HCI (pH 7.5) and 2 mM MgC12. The homogenizer was washed with 2501al of the same buffer and the wash added to the sample. Samples were vortexed and heated to 95°-100°C for 10 min in a constant temperature block . Heated samples were centrifuged for 10 min at 27,000 g. Pellets (heat-labile proteins) were solubilized in BUST. Supernates were precipitated by 10% trichloroacetic acid, centrifuged a second time, and the resultant pellets washed with 100% ethanol. This second pellet (heat-stable proteins) was also resolubilized in BUST . Effects of divalent cations on electrophoretic mobility were evaluated by addition of 5-10 pg of bovine brain calmodulin to the sample and then making the sample (a) I mM in EGTA, (b) 10 mM CaCl2, or (c) 10 mM MnCI2 (28) . Aliquots of treated samples were run on either one-or two-dimensional electrophoresis. Kinetics of calmodulin movement down the axon were followed by sacrifice of the animal either 3 .5 or 7 d postinjection. The entire optic nerve and tract was dissected out, frozen on powdered dry ice, and cut into consecutive 2-mm segments with a Mickle gel slcer. Each nerve segment was subjected to the heat-treatment procedure, and the heat-stable fractions were analyzed in SDS gel electrophoresis in consecutive wells of a slab gel. Fluorographs were used to locate the radioactivity associated with calmoduln and the appropriate regions of the gel sliced out . Gel slices could then be solubilzed by incubation in 0.5 ml of 30% hydrogen peroxide for 24 h at 60°C. Radioactivity was quantitated by liquid scintillation counting in a Beckman LS 335 counter using Formula 963 (New England Nuclear) as scintillant.
RESULTS
Calmodulin is one of a number of proteins in nerve tissue that partition with the soluble fraction in subcellular fractionation studies (29, 30) . Because most of the easily solubilized proteins of the axon are transported as part of the complex of proteins known as SCb or group IV (17, 18) , SCb was the first rate component of axonal transport to be tested for the presence of calmodulin.
Most of the proteins associated with SCb precipitate when heated to 95°-100°C ( Fig. 1 ), but calmodulin is known to be an unusually heat-stable protein (2) . One-dimensional gel electrophoresis (PAGE) of the heat-stable fraction ofSCb resolves eight bands corresponding to radioactive polypeptides ( Fig. 1 ), which range in molecular weight from a single band of 14,000 daltons to a doublet near 70,000 daltons. Upon co-electrophoresis with authentic bovine brain calmodulin (a gift of Drs. D. Jemiolo and W. Burgess, University of Virginia.), one of these radioactive heat-stable polypeptides migrates the same in SDS PAGE as calmodulin (arrow in Fig. 1 ). Calmodulin is unusual in that it exhibits an anomalous behavior in certain electrophoresis systems (28, 31) . In the presence of chelating agents that remove divalent cations from the medium, calmodulin migrates more slowly, giving a greater apparent molecular weight, than it does in the presence of Ca" and certain other divalent cations . Calmodulin and troponin C are the only two proteins reported to exhibit this behavior on urea PAGE (21, 32) , while only calmodulin was found to still exhibit this effect in the presence of SDS (28, 32) . When heat-stable SCb proteins are co-electrophoresed with 2-5 Fig ofbovine brain calmodulin and 1 mM EGTA in SDS PAGE, both move as a single band of SDS 20,000 mol wt ( Fig. 2 ; tracks 2 and S). If the EGTA is replaced with 10 mM CaC12 in the sample, both radioactive and stained peptides migrate more rapidly as a doublet in the 17,000-to 18,000-dalton SDS molecular weight range ( Fig. 2 ; tracks 3 and 6). A similar result is obtained when MnC12 is used instead of CaCI2 ( Fig. 2 ; tracks 4 and 7), although with MnC12 the slower moving member ofthe doublet may be more FIGURE 1 Fluorograph showing effect of heating on major polypeptides of SCb. WH shows the major polypeptides of the unheated sample in a lightly exposed fluorograph . P represents the heat-labile proteins of SCb. Most of the proteins of SCb precipitate after heating to 95°-100°C for 10 min . This gel is more heavily exposed to bring up more of the minor bands. 5 shows the heat-stable proteins of SCb that remain in solution after heating. Arrow indicates the position of stained band corresponding to purified bovine brain calmodulin added as marker .
pronounced . These effects are consistent with the results of Grab et al . (28) and support the identification of the heat-stable radioactive protein of SCb as calmodulin.
To confirm identification of the heat-stable SCb protein as calmodulin, two-dimensional electrophoresis was employed . When SCb is run on standard O'Farrell two-dimensional electrophoresis (26), using a pH gradient of 5-7 in the first dimension and a linear 4-17 .5% gradient slab gel in the second, the polypeptide pattern seen in Fig. 3 a results. Calmodulin has an isoelectric point in the range of 4.3 (2) and cannot be reliably resolved in the standard O'Farrell system . When the pH 5-7 ampholines are replaced by pH 2.5-5 ampholines in the first dimension and the polyacrylamide concentration is increased to 10-20% in the second, calmodulin is cleanly and reliably resolved . This modified O'Farrell two-dimensional electrophoresis of SCb produces the pattern of polypeptides seen in Fig.  3 b. The heat-stable radioactive SCb protein tentatively identified as calmodulin is identical in pI, SDS molecular weight, and spot morphology to the stained authentic bovine brain calmodulin (box in Fig. 3 b) .
We conclude that the 17,000-dalton, heat-stable protein of SCb is axonal calmodulin . The identification may be considered unequivocal because identity was shown by three different tests based on independent properties of calmodulin: heat stability, migration on SDS PAGE in the presence and absence of divalent cations (i .e ., specific interaction with Ca t+), and migration on two-dimensional gel electrophoresis (i .e., simultaneous determination of isoelectric point and SDS molecular weight). Combinations of these tests by two-dimensional electrophoresis of heat-treated SCb or by two-dimensional electrophoresis in the presence of EGTA (data not shown), thereby permitting simultaneous determination of three independent properties, confirmed the identification of calmodulin in SCb.
Black (33) and Garner (18) have examined the movement of proteins associated with SCb along the axon in some detail . In a careful analysis of 20 polypeptides in SCb, Garner (18) has shown that all of these proteins share a common front as they move down the optic nerve at 2 mm/d. The coherency of this movement over a period of many days may be viewed as a measure of the associations of the elements in a rate component for each other in the axon . Calmodulin was not included in the original analysis, but the simple polypeptide composition of FIGURE 2 Effect of divalent cations on migration in SIDS gel eiec trophoresis of calmodulin and the heat-stable SCb proteins . Tracks 1-4 show Coomassie Blue-staining pattern of the same gel with 5 flg of bovine brain calmodulin in [2] [3] [4] and molecular weight standards in 7 (for all gels, the standards used were lysozyme [14, 000] , ovalbumin [43,0001, [5] [6] [7] are fluorographs of heat-stable SCb proteins labeled with 1 35 S1methionine . In the presence of the Ca"-chelating agent, EGTA (2 and 5), both the heat-stable SCb protein and calmodulin migrate as a single band of 20,000 daltons. Replacement of EGTA with 10 mM CaCl2 (3 and 6) or 10 mM MnCl2 (4 and 7) cause both the heatstable SCb protein and calmodulin to migrate more rapidly as a doublet of apparent molecular weight 17,000-18,000. Ca t' appears more effective at increasing migration rate . Other heat-stable proteins of SCb are not affected by the presence or absence of divalent cations (5-7). Calmodulin is an unusually acidic protein that does not resolve well in standard conditions (a), but resolves reliably on gel (b) . The box in b indicates the region of the gel containing a Coomassie Blue-staining spot that corresponds to bovine brain calmodulin, which was added as a marker . The SCb protein and calmodulin were identical with respect to pl, SDS molecular weight, and spot morphology . This SCb protein is the same as the heat-stable SCb protein shown in Figs . 1 and 2 (data not shown) .
the heat-stable fraction of SCb (Figs . 1-3 ) permits a straightforward analysis of the movement of calmodulin along the axon . At 3 .5 d, the peak of SCb is just entering the optic nerve (Fig . 4 a-c ) . Radioactivity associated with calmodulin coincides in peak position and relative distribution along the nerve with the total radioactivity . Both distributions have a peak at 2 mm and a maximum extent along the nerve of 10 mm. By 7 d ( Fig.  4 c) , the peaks of SCb and calmodulin have moved down the nerve but remain coincident. The peak is now at 10 mm for both calmodulin and SCb, with little trailing of the calmodulin . The movement of calmodulin in the nerve is consistent with the movement of a wide variety of other proteins associated with the SCb complex of proteins (18, 24) . Among the other proteins that move coherently with SCb are actin (19, 20) , clathrin (34), nerve-specific enolase (21, 35) , and an actinbinding protein (36) .
Calmodulin has the potential to interact with a number of cellular structures and proteins including microtubules (10) and membrane-associated proteins (for examples, see references 3, 4, 6-9). The question as to whether calmodulin can be detected moving down the axon complexed with either tubulin or membrane-associated proteins was, therefore, examined: Does calmodulin follow the general rule that proteins are associated with only a single rate component? The modified two-dimensional gel electrophoresis was chosen for screening of other rate components for calmodulin because it offered both simplicity of analysis and the greatest sensitivity in detection of labeled calmodulin . The use of the entire nerve in all analyses with only the specific rate component of interest labeled and the ability of fluorography to detect very small amounts of radioactivity (27) effectively eliminates the possibility of a false negative . Any radioactive calmodulin detected moving coherently with SCa (tubulin) or FC (membranous 61 0 THE JOURNAL OF CELL BIOLOGY " VOLUME 89, 1981 organelles) would indicate that calmodulin maintained longterm associations, measurable in hours or days, with these cytological structures . The absence of labeled calmodulin moving with these other rate components would unambiguously demonstrate the absence of longterm associations of calmodulin with the corresponding cytological structures .
Standard O'Farrell two-dimensional electrophoresis of SCa proteins produces the pattern seen in Fig . 5 a. 75% of the total radioactivity associated with the SCa wave is found in five polypeptides : the two subunits of microtubules (tubulin) and the three subunits of neurofilaments (16) . If radioactive SCa (10,000 cpm labeled with [35 S]methionine) is run on the modified two-dimensional electrophoresis system, the pattern seen in Fig . 5 b is obtained . No radioactivity was detectable in the region of the gel corresponding to calmodulin (box) as determined by co-migration of labeled SCa and authentic brain calmodulin . Calculating from the values for sensitivity of fluorography of "S-labeled proteins (27) , calmodulin could be present only at levels <0 .01% of the total radioactivity associated with SCa . It should be noted that the absence of labeled calmodulin in the nerve at this time point also argues against the deposition of a significant amount of calmodulin in the axon as the labeled peak of SCb moves down the nerve . If any calmodulin is left behind the peak of SCb, its residence time in the axon is much less than the interval between passage of labeled SCb (2 mm/d) and the arrival of the peak of labeled SCa (0 .3 mm/d) in the optic nerve .
By contrast to the pattern produced by SCa proteins, the pattern of FC proteins is much more complex and varied (Fig .  6 a) . The bulk of the proteins in FC are membrane associated (17) and most of them are glycoproteins (23) . This biochemical difference accounts for most of the difference in the way that FC proteins migrate in two-dimensional electrophoresis (Fig. Comparison of the distribution of both total radioactivity and calmodulin at the two time points indicates that calmodulin moves as a discrete peak coincident with the peak of radioactivity known as SCb. 6 a) as compared to SCb (Fig . 3 a) or SCa (Fig. 5 a) . These differences are real and reproducible, because the samples applied to the gels are identical except for the labeled population of proteins . They reflect differences in the properties and organization of the proteins associated with each rate component . When authentic brain calmodulin and radioactive FC proteins are co-electrophoresed in the modified two-dimensional electrophoresis system, no radioactivity could be detected in the region of the gel corresponding to calmodulin (box). In this experiment, 40,000 cpm of ["S]methionine was applied to the gel, and therefore proteins that constitute as little as 0 .002% of the total radioactivity associated with FC would have been detected . To the limits of detection, all of the calmodulin associated with the major rate components of axonal transport is moving as part of the SCb complex of proteins . This conclusion receives further support from the work of Erickson et al . (37) who have examined the axonal transport of calmodulin by a different approach . They followed the arrival of labeled calmodulin at the terminal regions of the rabbit visual system by measurement of the amount of calmodulin in the superior colliculus, lateral geniculate body and tract, optic nerve and retina at 1, 3, and 18 d after injection of label . The time points examined and the spatial resolution of this study do not allow them to unequivocally rule out the possibility that a small amount of calmodulin was traveling with FC or with SCa, but they find that most, if not all, of the axonal calmodulin moves down the axon at a rate of 2-4 mm/ d, corresponding to SCb . Our analyses demonstrate with a high degree of confidence that calmodulin is moved down the axon only at the rate of SCb and that it is not present in the other major rate components of axonal transport . No calmodulin could be detected in our studies using highly enriched samples of SCa and FC .
DISCUSSION
Both our studies and those of Erickson et al . (37) appear to conflict with the earlier report by Iqbal and Ochs (38) that a calcium-binding protein is moved in fast axonal transport, which they suggest is calmodulin (39, 40) . Two issues that must be considered separately are raised by the studies of Iqbal and Ochs . First, the presence of calmodulin in peripheral nerve is shown by demonstration of Ca" binding and activation of phosphodiesterase by their partially purified preparations . The second issue is identification of the labeled protein in fast axonal transport as calmodulin, which can be suggested but not proven using their criteria for identification . Erickson et al. (37) use more rigorous criteria to show that the bulk of the transported calmodulin moves with SCb but they cannot rule out the possibility of a small amount of calmodulin in FC . The studies described here unequivocally identify the protein associated with SCb as calmodulin (see results and Figs. 1-3) and demonstrate that calmodulin could represent no more than 0 .002% of the total radioactivity associated with FC ( Fig. 6 ) in the visual system . Further suggestion that calmodulin is present in FC requires positive identification of a radioactive protein FIGURE 5 Fluorographs showing two-dimensional gel electrophoresis of [ 35S] methionine-labeled proteins associated with SCa. Gels are as in Fig. 3 . a Shows the simplicity of the SCa pattern with the spots corresponding to tubulin and the neurofilament triplet (NF68, NF145, and NF200) labeled. b Shows the pattern obtained with modified conditions (pH 2.5-5), with the box indicating the position of the marker stained calmodulin . No radioactivity co-migrating in two-dimensional PAGE with calmodulin was detectable in SCa. FIGURE 6 Fluorographs showing two-dimensional gel electrophoresis of ["S]methionine-labeled proteins in association with FC . Gels are as in Fig. 3 . In a the major polypeptides can be seen to run in a more complex manner in two-dimensional PAGE . The samples for all three rate components were handled identically, so the difference in behavior on gels reflects differences in the properties of the labeled proteins. In b, the box indicates the position of the stained carrier calmodulin . No radioactivity comigrating with calmodulin could be detected in association with FC . Calmodulin moves solely in with the SCb complex of proteins in the guinea pig optic nerve.
in FC by rigorous criteria, such as two-dimensional gel electrophoresis in conjunction with a second independent test (i .e ., binding of a specific ligand, immunochemistry, identity of peptide maps for purified and labeled protein, etc.) (41) .
The demonstration that calmodulin is present only in SCb, although calmodulin is known to be able to interact with proteins present in both SCa and FC, has several implications for cell biology and biochemistry . Definition of discrete rate 61 2 THE JOURNAL OF CELL BIOLOGY " VOLUME 89, 1981 components of axonal transport (15, 42) with unique polypeptide compositions (23) has led to the conclusion that each rate component corresponds to a unique cell structure (22) (23) (24) . For example, the composition of SCa suggests that it corresponds to the microtubule-neurofilament network, because all the proteins identified in SCa are either subunits of these cytoskeletal elements or proteins that are known to be associated with them (16, 43) . The SCa complex moves down the axon at 0 .3 mm/d in the visual system . The SCb complex of protein moves down the axon at 2 mm/d and represents the actincontaining cytoskeletal complex of the axon (24) . SCb includes actin (19, 20) and a large number of other proteins, including soluble enzymes of intermediary metabolism (35) . The structural correlate of SCb has been termed the axoplasmic matrix (21) because it includes both structural proteins which have been associated with the microtrabecular network (44) and the bulk of the soluble proteins of the axon (17, 18) . FC consists of the agranular reticulum, dense-core vesicles, and most other membranous structures of the axon, while the mitochondria are apparently associated with one of the intermediate components (17) . Assignment of a protein to a specific rate component of axonal transport thus is equivalent to defining the long-term and/or stable associations of that protein in the axon, indicating both the structures and the other proteins that move coordinately in the neuron .
The axonal transport paradigm provides direct access to long-term protein associations of physiological significance . The physiological significance may be assumed because the separation and sorting of pulse-labeled axonal proteins into specific rate components is part of the normal operation of the undisturbed neuron . The proteins of a specific rate component are functionally associated, if only because they share a common mechanism of intracellular transport and move coordinately down the axon. It further seems likely that the organization of proteins into an axonal transport rate component reflects more fundamental functional relationships as well. For example, the linkage of neurofilaments and microtubules into a single rate component, SCa, is likely to be related to their common structural roles in the neuron . It is important to note that long-term associations are not restricted to thermodynamically irreversible or stable interactions . Any interactions, however labile in the microscopic sense or reversible according to classical thermodynamics, may contribute to long-term associations if they result in net associations when integrated over time. A possible example of such labile interactions is the identification of the glycolytic enzyme enolase in SCb (35) . Enolase has been shown to have little or no affinity for particulate fractions in subcellular fractionation studies (45) , yet it moves down the axon with SCb, moving coherently with actin, clathrin, and more than 100 other polypeptides .
Currently available methods for demonstration of protein associations in the cell (subcellular fractionation, histochemistry, autoradiography, etc.) are indirect and inferential . For example, subcellular fractionation shows potentially stable or irreversible associations but does not preserve spatial relationships well, and it is difficult to rule out either disruption of labile associations or artifactual creation of interactions between components kept separate in the intact cell . Histochemistry, immunochemistry, and autoradiography all preserve spatial relationships but directly demonstrate only proximity of proteins to structures. These approaches do not reflect the underlying dynamics of these relationships which may be important in understanding function . The traditional methods for demonstrating and characterizing the interactions between cellular components remain valuable analytic tools, but the axonal transport paradigm provides a valuable complement and unique insights into cellular organization because it shows the dynamics of interactions in the axon and distinguishes between long-term and transient interactions .
Recently, several groups have employed immunohistochemical methods for cytological localization of calmodulin (12) (13) (14) .
The results of the axonal transport studies correlate well with the immunohistochemical localization of calmodulin in cytoplasmic regions, as these regions represent the structural correlate of SCb, the axoplasmic matrix . The finding of Wood et al . (12) that the cell periphery is preferentially stained corresponds to the location of actin in neuron-like cells (46) . Calmodulin was found in association with the actin stress fibers of cells in culture (11, 47) , with the I band in skeletal muscle, and with glycogen particles in muscle, liver, and adrenal cortex (14) . All of these locations have been shown to contain actin and/or glycolytic enzymes (48) which are known to be part of the SCb complex. Subcellular fractionation shows that the bulk of both brain calmodulin (29) and the SCb complex (17, 18) are in the soluble fraction .
The localization by immunohistochemistry of calmodulin around membranous structures (12, 13) which are not part of the SCb complex of proteins is also compatible with the axonal transport studies. The absence of long-term associations of calmodulin with these structures as shown by axonal transport does not rule out the possibility of transient associations . The presence of clathrin in SCb (34) clearly establishes that some elements of SCb can interact directly with the plasma membrane . Mitochondria represent a major intracellular reservoir of calcium and may be the primary intracellular Ca 21 -buffering agent of the neuron (49) . The association of calmodulin with mitochondrial membranes may therefore reflect transient interactions as part of the ongoing regulation of cytoplasmic Ca 21 levels. In light of the many membrane-associated enzymes that have been shown to interact with calmodulin, the nonuniform labeling of other membranous organelles may represent transient interactions of calmodulin with membrane components . Concentrations of calmodulin near cytological structures could be functional specializations of the axoplasmic matrix in which the nonuniform distribution of calmodulin results directly from some local requirement for calmodulin . This hypothesis is consistent with a picture of the axoplasmic matrix as an unusually dynamic structure as reflected in its lability during subcellular fractionation and preparation for microscopy . There are, of course, precedents for cytological structures that appear to be labile or unsuspected until the appropriate stabilizing conditions are defined . The best example is that of the cytoplasmic microtubule complex which was largely unsuspected until the introduction of glutaraldehyde fixation procedures (50) and was considered extremely labile until the introduction of microtubule-stabilizing buffers a decade later (51) . Both cytological localization and axonal transport studies are inconsistent with a significant fraction of axonal calmodulin freely diffusing in the cytoplasm . The simplest explanation would appear to be that calmodulin is organized by the elements of the axoplasmic matrix (24) , analogous to the situation in the I bands of skeletal muscle (14) . Viewing the immunocytochemical localizations and axonal transport defined associations in this light makes the presence of cytoplasmic concentrations associated with specific organelles more explicable and remains consistent with the known properties of the cytological structures involved .
SUMMARY
We have found that the long-term association of calmodulin in the axon is with the axoplasmic matrix (SCb), resulting in a transport rate of 2 mm/d . Interactions of calmodulin with microtubules (SCa) and membrane-associated proteins (FC) in the axon appear to be transient, because no calmodulin could be detected moving down the axon in association with either of these rate components of axonal transport. Cell perikarya, terminal regions, and dendrites were not examined in this study, but we expect the primary associations of proteins in these regions of the neuron to be similar to those of the axon. This definition of primary, long-term associations for key proteins such as calmodulin, when coupled with an understanding of short-term interactions, should provide considerable insight into cellular mechanisms of compartmentation and regulation.
